Summary 1 1. Floral deception is widespread in orchids, with more than one third of the species being 2 pollinated this way. The evolutionary success of deceptive orchids is puzzling, as species 3 employing this strategy are thought to have low reproductive success (less flowers yielding 4 fruits) because of low pollination rates. However, direct measurements of seed production in 5 orchids are scarce due to the extremely small size of their seeds. 6 2. Here, we quantified seed numbers in 1,015 fruits belonging to 48 orchid species from the 7 Pannonian ecoregion (central Europe) and obtained fruit-set and thousand-seed weight data 8 for these species from the literature. We used phylogenetic comparative methods to test the 9 hypothesis that deceptive species should compensate for their lower fruit-set by having either 10 larger seeds or more seeds in a fruit. 11 3. Similarly to previous studies, we found that deceptive orchids have substantially lower 12 fruits-set than nectar-rewarding ones. Also, we found that deceptive species have more seeds 13 in a fruit but not larger seeds compared to nectar-rewarding ones. Based on our results, 14 deceptive species compensate for their lower fruit-set by having higher seed numbers per 15 fruit, thus their seed numbers per shoot do not differ from that of nectar-rewarding ones. 16 4. Together with other benefits of deceptive pollination (e.g. lower energy expenditure due to 17 the lack of nectar production and higher genetic variability due to decreased probability of 18 geitonogamous pollination), our results can explain why deceptive strategies are so 19 widespread in the orchid family. 20 5. Synthesis. Our study provides new seed number data for 48 terrestrial orchid species. 21
Introduction
compared fruit-set data of both temperate and tropical orchid species, 1 and, consistently with the former results, found a significant difference between the mean 2 fruit-set of rewarding and non-rewarding species (37.1% and 20.7%, respectively) . This low 3 pollination success is generally attributed to pollinator limitation (Alexandersson & Ågren 4 1996; Tremblay et al. 2005; Petanidou et al. 2013) , although, resource limitation may play a 5 role as well, at least under certain circumstances (Ackerman & Montalvo 1990; Mattila & 6 Kuitunen 2000) . 7
The evolutionary success of deceptive orchids is surprising in face of their reduced 8 reproductive success and is generally explained by two, mutually non-exclusive hypotheses 9 (Jersáková, Johnson & Kindlmann 2006) . First, instead of nectar production, the plant might 10 allocate resources directly to reproduction, i.e. to fruit and seed production. The fact that 11 nectar production can consume a relevant proportion of resources during the flowering period 12 (Southwick 1984) and that nectar is often reabsorbed after pollination (Luyt & Johnson 2002; 13 Stpiczyńska 2003) and presumably diverted to fruit production supports the hypothesis that 14 producing nectar is costly. Second, nectarless flowers decrease the chance of pollinator-15 The above inference is based on the assumption that low pollination success results in 22 reduced reproductive success, since fruit-set is generally used as the sole measure of 23 reproductive success in orchids (Neiland & Wilcock 1998; Kull 2002) . However, low 24 pollination success might be compensated by at least two mechanisms: (i) producing largerseeds or (ii) producing more seeds per fruit. This 'compensation hypothesis' has not been 1 evaluated to date, partly because of methodological reasons: orchids have extremely light dust 2 seeds produced in very high numbers (Van der Pijl 1982; Arditti & Ghani 2000) and the 3 unusually high number of minute and low-weight seeds causes difficulties in the estimation of 4 seed production (Proctor & Harder 1994; Nazarov 1998) . Due to these methodological 5 limitations, very few data have been published on the seed production of orchids. Seed 6 number data of only 17 European species were published by Arditti & Ghani (2000) , but due 7
to the insufficient amount of data even basic descriptive statistics (mean and SD) were 8 impossible to calculate for many species. 9
Here we present data on the seed production of 48 central European terrestrial orchids 10 based on a high number of samples. We used this data to evaluate the 'compensation 11 hypothesis', which predicts that, if compensation for reduced fruit-set occurs in deceptive 12 orchids, these species should have larger seeds, and / or more seeds per fruit than nectar-13 rewarding ones. To test this prediction, we compared species with different pollination types 14 in terms of seed size (thousand-seed weight, hereafter abbreviated as TSW) and capsular seed 15 number (seeds/fruit, hereafter abbreviated as CSN) using phylogenetic comparative methods. 16
Seed production of plants depends on a number of biotic and abiotic factors in general (e.g. 17 Leishman 2001; Moles et al. 2005a,b; Gundel et al. 2012) , but little is known about the role of 18 these factors in shaping interspecific variation in seed size/number in orchids. To take into 19 account potentially confounding factors, we controlled for habitat shadiness (open or shady) 20 which has been shown to affect seed production (e.g. Nakagoshi 1985; Csontos 1998; 21 Milberg, Andersson & Thompson 2000; Fenner & Thompson 2005) . We also controlled for 22 growth habit (tuberous or rhizomatous); as it may affect the amount of reserves stored in 23 below-ground organs, which can also affect reproduction. 24
Materials and methods

1
Data collection 2
We quantified CSN (capsular seed numbers) of a total of 1,015 fruits of 48 orchid taxa, which 3 is nearly three times the number of European species for which seed set data were available to 4 date (Arditti & Ghani 2000) . Field sampling took place during 2009 and 2010 in several 5 locations across the Pannonian ecoregion (central Europe), during which fruits of 47 orchid 6 species were collected. We also collected mature, but intact fruits from herbarium specimens 7 in the herbarium of the Department of Botany, University of Debrecen (DE), which resulted 8 in fruit samples for 20 orchid species. In total we collected 22.9±3.9 (mean±SE) fruits from 9 3.6±0.4 (mean±SE) different locations per species. Undehisced fruits were usually collected 10 4-6 weeks after flowering. 11
Harvested fruits were stored in open Eppendorf tubes or scintillation vials depending 12 on their size. Fruits were left to dry on room temperature and were squashed by a metal 13 needle so that in every Eppendorf tube all seeds of the fruit and small parts of the pericarp 14 could be found. A known volume of glycerin (99.5%) was then pipetted into each tube and the 15 content was stirred by hand, using a metal needle (homogenization using a shaker was proved 16 to be unsatisfactory). In the highly viscous glycerin the very low density seeds rose to the 17 surface more slowly (several minutes) than in water (almost immediately). This allowed us to 18 make a suspension of seeds and then count the number of seeds in drops of glycerin as 19 follows. 10×4 µl of the freshly stirred samples were pipetted onto object-slides and the 20 number of seeds in every drop was counted under a light microscope. The tip of the automatic 21 pipette tips (1-10 µl) were cut at an angle of cc. 45 degree in order to enable orchid seeds to 22 be imbibed. The number of seeds in a fruit was assessed based on the counted seed numbers 23 in the drops and the proportion of the drops to the whole volume. 24
To investigate whether the well-known difference between the fruit-set of deceptiveand nectar-rewarding species holds true for the studied species, we used fruit-set data 1 provided by Molnár V. (2011) mostly from Hungary, and in some cases (species for which 2 Hungarian data was not available) data from several European countries published by 3
Claessens & Kleynen (2011) ( Table 1) . To study whether deceptive species have larger seeds 4 TSW (thousand-seed weight) data were obtained from the database of Török et al. (2013) . 5
Seed numbers per shoot (hereafter abbreviated as SNS) were obtained by multiplying the 6 mean capsular seed number of each species by the fruit number of the given species. Fruit 7 numbers are the means of multiple measurements done by Molnár V. (2011) . (Note that fruit-8 set and fruit number data used here were measured not just on the individuals from which 9 seed numbers originated, but on several other individuals too, thus these data are based on a 10 larger number of observations.) 11
To study the effect of pollination type on fruit-set, TSW, CSN and SNS, taxa were 12 categorized following Claessens & Kleynen (2011) ( Table 1) . We distinguished nectar-13 rewarding, deceptive (food-deceptive and sexually deceptive) and autogamous groups. Both 14 facultative and obligate autogamy were considered as autogamy (self-pollination), as these 15 strategies both can be considered to be independent from pollinators (Molnár V. et al. 2012) . 16 We controlled for habitat preference and growth habit, for which we distinguished species of 17 open habitats and species of shaded habitats, and rhizomatous and tuberous species according 18
to Kull & Hutchings (2006) . 19 20
Phylogenetic tree reconstruction 21
In order to provide a phylogenetic framework for the studied species, we used sequences of 22 the nuclear ribosomal internal transcribed spacer (nrITS), one of the most heavily used 23 phylogenetic markers in species-level systematic studies (Baldwin et al. 1995; Álvarez & 24 Wendel 2003; Nieto-Feliner & Roselló 2007) . The sequences were obtained -if available from GenBank, otherwise we either used the sequences of Bateman et al. (2003) or generated 1 the sequences newly. In this latter case, we used field-collected leaf samples dried in silica-2 gel, and followed a modified CTAB-protocol to isolate total genomic DNA. The details of the 3 laboratory procedures for DNA-extraction and the amplification of the nrITS region are given 4 in more details in e.g. Sramkó et al. (2014) . The successfully amplified samples were sent to 5
Macrogen Inc. (South-Korea) for Sanger-sequencing from the forward and reverse direction. 6
The sequences obtained were checked for intra-individual polymorphism (see Nieto-Feliner & 7 Roselló 2007) ; if an additive polymorphic site was detected, it was coded with IUPAC 8 ambiguity nucleotide codes (Cornish-Bowden 1985) . All newly generated sequences were 9 uploaded to GenBank (for accession numbers see Table 1 ). 10
The nrITS region of our samples were aligned manually in BioEdit v.7.1.3 (Hall 11 1999), then the aligned matrix of 686 nucleotide length was used to reconstruct the 12 phylogenetic relationships of our studied species under the maximum parsimony (MP) 13 criterion in PAUP* v4.0b10 (Swofford 2003) . Given the geographically limited sampling 14 (orchids of central Europe) for this study, there were evidently large gaps in our taxonomic 15 sample coverage for the phylogenetic work. Therefore, we used the well-established 16 molecular system of European orchids (Bateman et al. 2003; Bateman et al. 2005; Bateman 17 2009) as a backbone constraint (see Fig. 1 ) to fix the relationship between the main lineages 18 of the European orchids studied; and to avoid the potential drawback of a suboptimal 19 taxonomic sampling. Phylogenetic trees compatible with the above mentioned constraint were 20 searched in a heuristic way under the MP criterion in PAUP* applying all the default settings 21 but holding 10 trees in each iteration step and running 1000 random stepwise additions. The 22 root of the tree was specified by assigning the species of the Epidendroideae subfamily as 23 outgroup. To assess the robustness of our tree, we ran the non-parametric bootstrap test 24 (Felsenstein 1985) as implemented in PAUP* using 1000 pseudo-replications. Finally, one ofthe most parsimonious trees with branch lengths was transformed to an ultrametric tree by the 1 non-parametric rate smoothing algorithm (Sanderson 1997) as implemented in r8s v.1.71 2 (Sanderson 2003) . This procedure allowed us to generate branch lengths proportional to 3 genetic distance between the species, and the resulting ultrametric tree ( Fig. 1 ) was used as 4 input for analyses using the phylogenetic control. 5 6
Comparative analyses 7
To study the relationship between orchid traits while controlling for phylogenetic relatedness, BPMMs are similar to traditional linear mixed models with the important difference that they 11 can incorporate hierarchical random effects arising e.g. from pedigrees or phylogenetic trees. 12
In this way, the non-independence of data points arising from shared phylogenetic descent of 13 taxa can be taken into account when evaluating the relationship between traits. 14 To test our hypothesis we built a full model that contained pollination type and 15 potential confounding factors, i.e. habitat preference and growth habit. We also used a 16 reduced model which contained only pollination type. We applied both models to analyze 17 fruit-set, TSW, CSN and SNS using the species-level dataset (i.e. data points were individual 18 taxa, as seen in Table 1 ). (Note that analyzing CSN on the individual level resulted in 19 essentially identical results; see S1 in Supporting Information). CSN and SNS were log-20 transformed to obtain a normal distribution, and BPMMs with Gaussian error structure were 21 employed. Fruit-set (which was a proportion variable) was analyzed using binomial BPMM 22 with the number of fruits (successes) and the number of unfertilized flowers (failures) as a 23 bivariate response. To account for overdispersion, an observation level random effect was 24 added to this model (Harrison 2014).
All models were run for 550,000 MCMC iterations, using a burn-in of 5,000 iterations 1 and a thinning interval of 500 iterations. We used parameter-expanded priors for the random 2 effects (MCMCglmm code: V = 1, nu = 0.002). All models were run multiple times (N > 3) 3 and MCMC chains were visually checked to ensure that convergence was achieved. 4
Results
1
Phylogenetic tree reconstruction 2
We reconstructed the phylogenetic relationship between our studied species using a 3 constrained phylogenetic tree search under the MP criterion to provide measures of 4 phylogenetic relatedness. The heuristic search with 1000 random replicates found in 997 5 instances the same 28 equally most parsimonious trees. Between the trees found, the position 6 of the micro-species of Epipactis helleborine sensu lato and some notoriously problematic 7 species pairs (e.g. Orchis militaris and O. purpurea) were incongruent. These branches 8 received no (<50%) or low (<75%) statistical support in the non-parametric bootstrap 9 procedure ( Fig. 1 ), otherwise our trees are compatible with the established phylogenetic 10 relationship of European orchids (Bateman et al. 2003; Bateman et al. 2005; Bateman 2009 ). 11
Thus, we selected one of the 28 trees (see Fig. 1 ) to represent the phylogenetic relatedness 12 between our samples, and this was made ultrametric for the subsequent analyses applying 13 phylogenetic control. 14 15
Testing the 'compensation hypothesis' 16
We calculated the CSN of 48 orchid species, CSN ranged from 910 to a maximum of 19,726 17 (Table 1 ). The highest CSN was recorded for deceptive species, whereas the lowest was found 18 for nectar-rewarding ones (Fig. 2) . We calculated the SNS of 47 orchid species (for which 19 average fruit numbers were available). SNS ranged from 4,379 to 178,710 (Table 1 ). The 20 highest SNS was recorded for deceptive species, whereas the lowest was found for 21 autogamous ones (Fig. 2) . 22
Pollination type had a significant effect on fruit-set: the fruit-set of deceptive species 23 was found to be significantly lower than that of nectar-rewarding ones (Table 2 ). Pollination 24 type had no effect on TSW, but significantly affected CSN, as CSN of deceptive species wasfound to be significantly higher than that of nectar-rewarding ones (Table 2) . We also 1 analysed the effect of pollination type on SNS, but we found no difference between the SNS 2 of different pollination types. Autogamous species did not differ significantly from nectar-3 rewarding ones regarding any of the four studied variables (see Table 2 and Fig. 2 ). Habitat 4 preference and growth habit had no effect on any of the studied variables (Table 2) noted, there is a strong connection between pollination type and fruit-set: nectar-rewarding 6 orchids have higher fruit-set compared to nectarless ones, which is clearly indicated by our 7 dataset as well. This difference is often considered to be a negative consequence of deceptive 8 pollination but, our results suggest that deceptive orchids can compensate for their lower fruit-9 set by having more (but not larger) seeds in their fruits. However, higher capsular seed 10 numbers did not implicate significant differences in total number of seeds per shoot between 11 orchids with nectar-rewarding and deceptive entomophilous pollination. 12
According to this finding, we can say that fruit-set in itself is not sufficient to evaluate 13 the reproductive success of orchids, and reproductive success of deceptive species is not 14 necessarily lower than that of nectar-rewarding ones. This may explain results like that of 15 Jacquemyn et al. (2005) , who have found that, despite their higher fruit-set, nectar-rewarding 16 orchids are not less threatened by local extinction and distribution decline than deceptive 17 ones. We are aware of the fact that even more factors (such as germination potential, seedling 18 establishment etc.) can be involved in reproductive success. However, since even the in vitro 19 estimation of germinability of orchid seeds is difficult to carry out (Vujanovic et al. 2000) , 20
and there is little information on how in vitro and in vivo processes relate to each other (but 21 see e.g. Rasmussen et al. 1993) , SNS can be the best and easiest approximation for orchids' 22 reproductive success to date. 23
A difference between temperate and tropical orchids similar to that between nectar-24 rewarding and deceptive species was demonstrated by Neiland & Wilcock (1998): they statedthat tropical species are only about one-third as successful as temperate ones, based on their 1 average fruit-set values (13.6% and 38.2%, respectively). Similarly to our hypothesis, they 2 also suggested that tropical orchids may compensate for their very low fruit-set by having 3 more seeds in a fruit, as they found that the nine tropical species for which Arditti & Ghani 4 (2000) provided seed number data have about 150 times more seeds in a fruit than the eight 5 temperate species. Although this result is based on a relatively small number of observations, 6 the parallelism between this and our result is remarkable. 7
Neiland & Wilcock (1998) suggested that despite being energetically demanding, 8 nectar production might be the most effective strategy to improve pollination success in the 9
Orchidaceae. Reproduction in deceptive orchids is usually considered to be severely 10 There are known benefits of deceptive pollination, such as (i) lower energy 1 expenditure due to the lack of nectar production and (ii) higher genetic variability due to 2 decreased probability of geitonogamous pollination (Jersáková, Johnson & Kindlmann 2006) . 3 Jersáková, Johnson & Kindlmann (2006) also admitted that despite these benefits, it is hard to 4 explain the evolutionary stability of this strategy, as, at least when pollinators are scarce, 5 mutations for nectar production would spread through the whole population. However, 6
additionally to these known benefits, we found that CSN of deceptive species is higher than 7 that of nectar-rewarding ones and their SNS is similar to that of nectar-rewarding ones, which 8 may explain why deceptive strategies are so widespread in the orchid family. 
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